A C C E P T E D M A N U S C R I P T C was conducted using particles of size range 150-180 µm, 5% (w/w) solids and a stirring rate of 1100 rpm. The similarities and differences in leaching efficiencies of metal ions are rationalised on the basis of proton activity of acids and the participation of anions due to complexation with metal ions. The leaching efficiency of calcium, phosphate, fluoride, sodium and strontium reached 80-100% after 5-10 min in hydrochloric, perchloric and nitric acid compared to lower leaching efficiencies (<40%) in phosphoric acid. Despite the low solubility products of phosphates of iron(III) and calcium (pK SP ≈ 24, 31), the higher pH, and lower proton activity of phosphoric acid, the higher leaching efficiencies of calcium and iron (≥80%) suggest the formation of complex species of these metal ions with phosphate ions. The leaching efficiencies of lanthanum, cerium and neodymium were low in all acids and showed a descending order: HClO 4 (54-63%) > HCl (21-13%) > HNO 3 (5-7%). The RE leaching efficiency in HClO 4 remained relatively unaffected with time, but the low leaching efficiencies in other acids after 30 min (<20%) indicates the precipitation of RE-phosphates and prospect of selective leaching of FAP. The slope of linear correlation of leaching efficiency of REs was close to unity in HClO 4 , HCl and HNO 3 indicating similar behaviour. A higher slope for La-Ce leaching efficiency correlation of 1.8 compared to 0.9 for Nd-Ce in H 3 PO 4 warrants further studies.
Introduction
The elements in the lanthanide series, yttrium and scandium are considered as rare earth (RE) elements and they have similar chemical properties. Most of the RE deposits exist in China, America, India, Middle Asian nations, South Africa, Australia, and Canada (Zhang and Edwards, 2012) . Global RE reserves and the production of oxides are listed in Table 1 . The demand for REs has increased in recent years due to uncertainty of the supply and the high technological applications associated with their characteristic electronic, optical and magnetic properties (Gupta and Krishnamurthy, 2005) . The estimated global demand of RE oxides is 0.125 Mt (2013 ), 0.136 Mt (2014 ), 0.148 Mt (2015 and 0.160 Mt (2016) (IMCOA, 2013) . Thus, interest in the recovery of REs from low grade ores, clays, slags, and secondary sources such as spent batteries and electronic waste has also gathered momentum due to increasing demand and scarcity as well as the need for reducing environmental pollution caused by the discarded waste (Fernandes et al., 2013; Jordens et al., 2013; Kim and Osseo-Asare, 2012; Kim et al., 2014; Kul et al., 2008; Kuzmin et al., 2012; Li et al., 2009; Lister et al., 2014; Moldoveanu et al., 2012 Moldoveanu et al., , 2013 Panda et al., 2014; Resende and Morais, 2010; Tunsu et al., 2014; Wang et al., 2010) .
The RE phosphate minerals (Table 2) and Pan, 1995) . While Ca1 is surrounded by nine oxygen atoms, forming a tricapped trigonal prism, Ca2 is surrounded by six oxygen atoms and one fluorine atom, forming an irregular polyhedron. These RE site occupancies are generally consistent with site preferences, deduced from bond-valence calculations, which show that the substitutions for calcium lead to an
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3 equalisation of Ca1 and Ca2 bond valences. Moreover, the RE site occupancy ratio correlates inversely with fluoride bond valence (Fleet and Pan, 1995) . As a result, FAP is considered as a RE concentrating mineral and its chemical formula becomes (Ca,RE..) 5 (PO 4 ) 3 F ( Table 2 ). The RE content in FAP as RE-oxides varies from trace amounts to over 10% and the RE content in phosphate sources as RE-oxides has been estimated at over 8 million metric tons (Gupta and Krishnamurthy, 2005) . In addition to REs, sodium can also be associated with FAP, resulting in the chemical formula (Na,Ca) 5 (PO 4 ) 3 F (Chakhmouradian et al., 2002; McClellan and Lehr, 1969) . Britholite is a sub group of FAP and its mineralogy (Table 2) shows the association of sodium in phosphate minerals. The association of strontium with calcium and carbonate with phosphate form (Ca,Sr) 5 (PO 4 ) 3 F and Ca 5 (PO 4 ,CO 3 ) 3 F, respectively, where the latter is considered as carbonate-fluoroapatite (Chakhmouradian et al., 2002; McClellan and Lehr, 1969) Depending upon the mineralogy, gravity-flotation, magnetic-flotation, and deslimingflotation have been the most commonly used techniques for concentrating RE minerals prior to extraction of REs (Zhang and Edwards, 2012) . A pre-leach stage with mineral acids (Eqs. [1] [2] [3] [4] [5] can be useful in order to selectively leach the FAP fraction as well as other impurities such as sodium, potassium, magnesium, aluminum, iron, manganese, uranium, and thorium associated with the FAP lattice (Table 2) , resulting in a RE enriched concentrate for further processing.
However, leaching efficiencies can vary significantly depending upon the mineralogy of the ore and the type of acid used. Although the intention is for selective leaching of FAP, any REs along with other metal ions associated with the FAP lattice ( Fig. 1) are also likely to leach. Moreover, the H 3 PO 4 and HF formed during the leaching process of FAP with other acids (Eqs. 1-5) can interfere and change the leaching efficiency of FAP and other metal ions (REs and non-REs)
A C C E P T E D M A N U S C R I P T Wang et al. (2010) and Olanipekun (1999), respectively. The main aim is to understand the various interactions between cations and anions involved in the multi cation-anion system formed during the leaching of FAP with low RE content which allows the extension of this comparative investigation to RE rich phosphate ores/concentrates. M A N U S C R I P T ACCEPTED MANUSCRIPT 5
Previous studies
The FAP leaching in different acid systems such as H 3 PO 4 , HCl, H 2 SO 4 and various mixtures of acids/salts has been extensively studied (Table 3 ). The main focus has been the investigation of thermodynamics and kinetics of FAP dissolution and the effect of pH, temperature and concentration/composition of the lixiviant. Sluis et al. (1987) (Olanipekun, 1999) . A general rate equation has been derived for FAP dissolution in a range of temperatures and pH used in the experiment (Chaïrat et al., 2007) .
Likewise, the logarithmic values of initial dissolution rates showed a linear dependence on pH of the solution (Harouiya et al., 2007) . The use of 9.6% (w/w) citric acid caused the leaching of 98-100% of fluoride from FAP with low leaching efficiencies of aluminium and iron (AlOthman and Sweileh, 2000) . The leaching behavior of REs which can be present in FAP in trace amounts has not been discussed in any of the studies summarised in Table 3 . This highlights the need for a systematic study in order to rationalise the leaching behaviour of cations and anions associated with natural FAP in different types of acids, which can be extended to other feed materials.
A C C E P T E D M A N U S C R I P T (Wang et al., 2010) . In contrast, more than 98% leaching efficiency of REs, along with yttrium, from both low grade and high grade xenotime concentrates with no FAP has been achieved after digestion with 98% sulphuric acid at 250 o C and solid/liquid ratio of 1.0/2.5 for 6 h followed by water leaching (Vijayalakshmi et al., 2001 ). The conversion of RE phosphates to RE sulphates during this acid digestion facilitate the water leaching of RE. It has been reported that the leaching efficiency of neodymium from an apatite ore is about 40% with 4 mol/L HNO 3 , compared to 7% with 2 mol/L H 2 SO 4 acid (Preston et al., 1996) . This difference is also a result of the precipitation of gypsum with sulphuric acid. In contrast, the precipitation of rare earth double sulphate salts, NaRE(SO 4 ) 2 , occurs in sulphuric acid solutions in the presence of sodium ions (Senanayake et al., 2014a) . These issues highlight the advantages of the selective leaching of FAP fraction in a pre-leach stage.
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Experimental
Characterisation of fluorapatite
A bulk fluorapatite sample from Harts Range, Northern Territory, Australia was subjected to crushing in a pulverising ring mill, homogenising and screening. Further grinding and sieving produced a sample of FAP of particle size range 150 -180 µm. The ground material was quantitatively assayed using inductively coupled plasma -atomic emission spectroscopy (ICP-AES) / mass spectroscopy (ICP-MS) and X-Ray Fluorescence (XRF) analysis. Moreover, the feed material was analysed using X-Ray Diffractometer (GBC Enhanced Mini-material Analyser (EMMA), Theta-Theta Difractometer), Scanning electron microscopy/Energy
Dispersive Spectroscopy (JSM -6000), Fourier-transform infrared spectroscopy, and Raman spectroscopy (Nicolet 6700 FT-IR spectrometer equipped with NXR FT-Raman module).
Leaching studies
The leaching experiments were conducted at 5% (w/w) solids using a reactor described in previous publications (Senanayake et al., 2010) with 800 mL of each acid at the desired concentrations and a rotation speed of the agitator maintained at 1100 rpm for all experiments. The pH values were measured using a commercial double junction pH electrode (TPS 121207) in conjunction with an Aqua-pH Waterproof pH-mV Temperature meter.
Results and discussion
Characterisation of feed material
ICP -AES/MS analysis
The results listed in Table 4 show that the mass percentages of Ca (33.8%) and P (12.6%) are very high compared to that of total rare earths (TREs), ~0.55%, and other minor elements in the range of 0.01% -0.32% in FAP. The theoretical Ca/P molar ratio of pure FAP is 1.7/1.0.
However, the results listed in Table 4 correspond to a Ca/P molar ratio of 2.1/1.0. This suggests the possibility of the presence of carbonate-FAP (Ca 5 (PO 4 ,CO 3 ) 3 F) and calcite (CaCO 3 ). The assays also show the presence of Na, Sr, Fe and REs (La, Ce and Nd are major) in FAP and
hence, a trace amount of FAP associated with these elements, or the presence of other minerals containing these elements described in Table 2 .
XRD, SEM and EDS analysis
The presence of FAP, carbonate-FAP, calcite and a trace amount of some RE minerals, namely cheralite, monazite, britholite and kainosite (RE silicate and carbonate, Table 2 ), can be identified by XRD patterns shown in Fig. 2 . As shown in Table 4 , REs are present in small quantities and therefore, the corresponding peaks have very low relative intensities in Fig Table 4 .
FT-IR and Raman spectroscopy
Figs. 4 and 5 represent the FT-IR and Raman spectra of FAP, respectively. The assigned bands of these spectra are listed in Tables 5 and 6 . All four vibrational modes of PO 4 3-denoted by  1 (a 1 ),  2 (e),  3 (f 2 ) and  4 (f 2 ) are Raman active while  3 (f 2 ) and  4 (f 2 ) are only IR active. All vibrational modes of CO 3 2-are both IR and Raman active except  1 (a 1 1 ) and  2 (a 11 2 ) where
2 ) is Raman inactive. Nevertheless, all vibrational modes of SiO 2 are both Raman and IR active. This spectroscopic analysis shows the presence of calcite in the feed materials as bands can be assigned for CO 3 2-ions. As the amount of silica present (0.09%) is very low, bands cannot be assigned for it. Table 7 shows that 100% leaching efficiency of calcium, phosphate and fluoride can be achieved after 30 min using 3.25 mol/L acids (HCl, HNO 3 and H 3 PO 4 ). 
Leaching of calcium, phosphate and fluoride
Leaching results
Relative effects of acids
Unlike the three strong mono-protic acids HCl, HNO 3 and HClO 4 which are completely dissociated in water, H 3 PO 4 and HF formed according to Eqs. (1)- (5) are weak acids. It is important to consider the partial dissociation of H 3 PO 4 and HF in equations (1)- (5), protonated and un-protonated soluble species of phosphate and fluoride, as well as other reactions which involve interactions between metal ions and ligands which influence solubility and leaching kinetics (Senanayake, 2007; Senanayake et al., 2014b) . Chemical equations for dissociation of H 3 PO 4 and HF produced in equations (1)- (5), and CO 2 produced by the leaching of carbonate associated with FAP (only small quantities) as well as other reactions are shown by equations (6)- (24) in Table 8 , along with their equilibrium constants. The species HA in Eq. (25) is 
Based on the pK H values from the HSC 7.1 database (Roine, 2012) of HCl and HClO 4 (Majima and Awakura, 1981; Senanayake, 2007 The possible effect of the complexation of anions such as chloride can be examined by comparing the association constants of the dissolving cation with the anion (Senanayake, 2007 Fig. 9 examines the applicability of shrinking sphere/core kinetic models for the initial dissolution of calcium ions from FAP in 3.25 mol/L H 3 PO 4 according to Eqs. (29) and (30), respectively, and the general expression A(a) + bB(s) → products, where X is the fraction dissolved after time t (s), k ap = apparent rate constant (s -1 ), b = stoichiometric factor, c = concentration of reactant (mol cm -3 ), ρ = molar density (mol cm -3 ) of the dissolving metal in the particle, d o (cm) = initial particle diameter, k i = intrinsic rate constant of the surface reaction (cm s -1 ), D = diffusivity (cm 2 s -1 ) of the species through a product layer, ε = particle porosity.
Diffusion controlled reaction
According to these models, the chemical reaction at the particle surface (Eq. (29)) or the diffusion of reactants or products through a thickening product layer around the particle (Eq.
(30)) is rate controlling (Levenspiel, 1972) . The linear relationship in Fig. 9 based on Eq. 30 shows a better correlation than that based on Eq. (29). However, despite the applicability of Eq.
(30) for initial leaching, complete dissolution is achieved at latter stages (after 10 min, Fig. 6a) indicating the removal of the surface blocking product layer. In contrast, if the acid strength is lowered from 3.25 to 2.28 mol/L H 3 PO 4 , the leaching of calcium from FAP decreases to 75%,
respectively, whilst fluoride leaching remains at 100% (Table 7) . As noted in section 4.1.2 the molar ratio of Ca/P of FAP based on EDS is 1.65/1.0, which is closer to the expected value of 1.7/1.0 for FAP. However, the higher leaching efficiency of fluoride (100%) compared to that of calcium (75%) in 2.28 mol/L H 3 PO 4 (Table 7) indicates that the surface is changing from the FAP structure in Fig. 1 to a calcium rich product layer and warrants further investigation, which is beyond the scope of this work.
Leaching of minor elements and RE
Na, Fe and Sr
The mass percentages (Table 4) of sodium (0.19%), iron (0.22%) and strontium (0.32%) in the FAP sample are very small compared to that of calcium (33.8%). However, the leaching behavior of sodium and strontium is generally similar to calcium, as described previously. As shown in Table 7 and Fig. 10 , sodium and strontium show high leaching efficiency (≥80%) in the three acids HCl, HClO 4 and HNO 3 after 10 min with 100% leaching efficiency of sodium observed in HCl, HNO 3 and HClO 4 after 10-30 min. In comparison, the limited leaching efficiency of 80% sodium and iron in H 3 PO 4 is a result of the low proton activity as well as the presence of silicates.
Unlike calcium, strontium shows a low leaching efficiency in H 3 PO 4 (Fig. 10d ), compared to higher leaching efficiencies in other acids, indicating the formation of complex species such as CaHPO 4 0 and Ca(H 2 PO 4 ) + with large equilibrium constants listed in Table 8 .
Such information on the complexes of strontium for the purpose of comparison is lacking.
Likewise, the leaching efficiency of iron is sensitive to the type of acid where the leaching efficiency after 10 min follows the descending order: H 3 PO 4 (74%) > HClO 4 (45%) > HCl (28%)
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14 > HNO 3 (26%). This trend demonstrates the role of higher proton activity in HClO 4 compared to that in HCl (Fig. 8a) where (n = 1, 2, 3, 4) as shown in Table 8 appears beneficial for iron leaching.
La, Ce and Nd
Despite the low composition of RE in the FAP sample (0.10-0.24% La, Ce and Nd), the leaching behaviour is sensitive to the type of acid. As shown in Table 7 and Fig. 11 , high leaching efficiencies are observed in HClO 4 . One of the key differences in the leaching behaviour of RE from other minor elements described in section 4.3.1 is the generally low leaching efficiency in all four acids and the descending order: HClO 4 (54-63%) > HCl (21-13%) > HNO 3 (5-7%) shown in Fig. 10a ,b,c. In the case of H 3 PO 4 the general trend is that highest leaching efficiencies are shown after 10 min in the descending order: La (59%) > Ce (38%) > Nd (26%). It is possible that the FAP contains part of the RE within the lattice and the balance as ultrafine inclusions of RE minerals which affect the leaching behaviour of RE incorporated in FAP. All REs appear to precipitate during prolonged leaching after 10 min, in the cases of hydrochloric and phosphoric acid ( Fig. 10-11 ). Higher leaching efficiencies of RE in HClO 4 in Fig. 10c is consistent with that of calcium, whilst the very low leaching efficiencies in HNO 3 can be related to the oxidising ability of HNO 3 , which may precipitate Ce(IV) compounds.
The behaviour of all three REs in HClO 4 is similar as in HNO 3, although the leaching in HClO 4 is higher than that in HNO 3 . Fig. 12 shows a good linear correlation of slope close to unity for the leaching efficiencies of lanthanum and neodymium as a function of that of cerium leaching in phosphoric acid after 10 min, which remained relatively unaffected with time, the lower leaching efficiencies in other acids after 30 min (<20%) indicates the precipitation of REphosphates which facilitates selective leaching of FAP. However, in the case of phosphoric acid, a slope of 1.8 for La-Ce and 0.9 for Nd-Ce is a result of
Conclusions
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16 the involvement of complexation and/or precipitation with phosphate ion and warrants further studies. The highest leaching efficiencies in H 3 PO 4 (59% La > 38% Ce and 26% Nd ) were observed after 10 min, but the precipitation of REs during prolonged leaching in all acids indicates the possibility of selective leaching of FAP which also warrants further studies with RE rich phosphate concentrates.
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